The structure and genetic diversity of a widely distributed species in a recently colonized area is influenced by the colonizing lineages, life-history traits, and biotic and abiotic factors. The connection established during the Pliocene between North and South America allowed the nine-banded armadillo (Dasypus novemcinctus) to expand its distributional range northward. High levels of genetic diversity have been recorded in South America, whereas low levels have been detected in populations in the United States, perhaps due to a founder effect during colonization. By sampling animals from Mexico and a few other areas, we test the hypothesis that armadillos in North America were derived from a single founding lineage, and assess whether this newly colonized region shows demographic signatures of expansion. We sequenced the mitochondrial control region of 157 individuals and genotyped microsatellites of 116 individuals. Our mitochondrial results showed 2 divergent lineages with high genetic variation in Mexico when compared to United States populations, suggesting that this species has a higher effective population size in Mexico. Samples from Central and South America indicate that both lineages differentiated prior to their arrival in Mexico. Lineages showed a historical demographic expansion, due probably to the large area of colonization. Clear genetic structure was observed with mitochondrial DNA, whereas microsatellites showed low levels of genetic differentiation. This contrasting pattern can be caused by male-biased dispersal. We conclude that North American populations of D. novemcinctus are derived from 2 founding lineages and show the consequences of the Great American Biotic Interchange influencing genetic patterns in the nine-banded armadillo in Mexico. At the end of the Pliocene and the beginning of the Pleistocene, the connection established between North and South America through the Isthmus of Panama allowed many species to expand their range (Webb 1991) , in a phenomenon known as the Great American Biotic Interchange (Marshall et al. 1982; Webb 1976) . The Great American Biotic Interchange is recognized as a major biogeographic event (Marshall et al. 1982; Pascual and Ortíz-Jaureguizar 2007) and influenced patterns of genetic diversity in many taxa (Culver et al. 2000; Eizirik et al. 2001; Wüster et al. 2005). The number of lineages of some bird and reptile species that contributed to the colonization has been explored (Daza et al. 2009; Tilston and Klicka 2010; Weir et al. 2009 ), but similar studies and details remain unclear for mammals.
Patterns of genetic structure and variation of widely distributed species in areas of recent colonization are influenced by many factors, including the number and genetic composition of colonizing lineages (Ficetola et al. 2008; Virgilio et al. 2009 ), the speed of advance (Excoffier et al. 2009 ), disturbances such as climate change (Hewitt 2004) , human-mediated habitat perturbations (Hájková et al. 2007; Mondol et al. 2009 ), and life-history traits peculiar to each species (Braaker and Heckel 2009) . During natural colonizations, species gradually expand their geographic range by migrating to adjacent regions (Wilson et al. 2009 ), facilitating the spread of genetic lineages to new regions (Ruedi et al. 2008; Teacher et al. 2009 ).
At the end of the Pliocene and the beginning of the Pleistocene, the connection established between North and South America through the Isthmus of Panama allowed many species to expand their range (Webb 1991) , in a phenomenon known as the Great American Biotic Interchange (Marshall et al. 1982; Webb 1976) . The Great American Biotic Interchange is recognized as a major biogeographic event (Marshall et al. 1982; Pascual and Ortíz-Jaureguizar 2007) and influenced patterns of genetic diversity in many taxa (Culver et al. 2000; Eizirik et al. 2001; Wüster et al. 2005) . The number of lineages of some bird and reptile species that contributed to the colonization has been explored (Daza et al. 2009; Tilston and Klicka 2010; Weir et al. 2009 ), but similar studies and details remain unclear for mammals.
Cingulata was one of the most representative mammal orders that migrated into North America during the Great American Biotic Interchange. This order is currently composed of 21 w w w . m a m m a l o g y . o r g species of armadillos, most of which are confined to various parts of South America (Gardner 2005) . The nine-banded armadillo (Dasypus novemcinctus) has the broadest distribution. Currently, it ranges from Uruguay and northeastern Argentina to the southern United States (Abba and Superina 2010) . Examination of molecular data suggests that D. novemcinctus originated about 7 million years ago (mya- Delsuc et al. 2004 ) and paleontological data indicate that this origin probably occurred in northern South America (Carlini et al. 1997) . The earliest remains of D. novemcinctus were found in Uruguay and date back to the late Pleistocene (Sopas Formation- Vizcaíno et al. 1995) . The oldest record of Dasypus in Mexico corresponds to the Holocene (approximately 8,000 years ago-Á lvarez 1974). D. novemcinctus was 1st recorded in the lower Rio Grande valley of Texas in 1849 (Audubon and Bachman 1854) , but rapidly colonized much of the southern United States. Because of the wide distribution of D. novemcinctus and its clear South American origin (Eisenberg 1981; Simpson 1980) , this species is a good model to examine genetic structure in newly colonized areas because many genetic lineages could exist across the original range, and one or many of them might have participated in the colonization of North America. Consistent with expectations of a single founding lineage, previous studies showed that South American populations of nine-banded armadillos have higher levels of mitochondrial and nuclear genetic diversity (Frutos and Van Den Bussche 2002; Huchon et al. 1999 ) than their United States counterparts (Huchon et al. 1999; Moncrief 1988) . This has been interpreted as the result of a founder effect during the colonization of North America (Huchon et al. 1999 ). However, this conclusion is based solely on data from populations in the United States. It remains unknown whether similar patterns occur farther south in Mexico.
We used nuclear and mitochondrial markers to screen a large number of nine-banded armadillos from Mexico, and a few other areas, to further test the hypothesis that armadillos in North America are derived from a single founding lineage. Additionally, we assessed whether the newly colonized region of North America shows demographic signatures of expansion (as might be expected for a recent colonization), or whether colonizing populations have had time to differentiate in the topographically diverse setting of Mesoamerica.
MATERIALS AND METHODS
Sample collection.-We collected 157 specimens of D. novemcinctus from 110 localities, including 138 from Mexico (92 localities in 18 states), 12 from Colombia, 2 from Costa Rica, 1 from Guatemala, 2 from Nicaragua, and 2 from the United States. Among them, 71 were collected in the field from wild populations and 86 samples were museum specimens (Appendix I). All samples were collected in accordance with guidelines of the American Society of Mammalogists (Sikes et al. 2011) , and fresh samples were collected in accordance with Mexico's wildlife legislation under Wildlife Department permit FAUT-0001. We used phosphate buffered saline solution at 1% (8 g of NaCl, 0.2 g of KCl, 1.44 g of NaHPO, 0.24 g of KH 2 PO 4 , pH 7.4) to clean and to hydrate the tissues for 24-72 h at 56uC. Total genomic DNA was extracted from each sample using a DNeasy Kit (Qiagen, Valencia, California) , and stored at 4uC.
Amplification and sequencing.-A segment of the mitochondrial control region (408 base pairs [bp] ) from each sample was amplified via polymerase chain reaction using primers D2 (59-ATTTYGGCGCTATGTAATTCG-39; F. Delsuc, Université Montpellier II) and N4 (59-GGCATAAGTC-CATCGAGATGTC-39; designed in our laboratory). Taq polymerase was added at 2.5 U per 25 ml of reaction volume. The final 13 buffer had 0.4 mM of each primer, 0.15 mM of deoxynucleoside triphosphate, and 2 mM of MgCl 2 . The thermal profile for amplification consisted of an initial denaturation cycle at 95uC for 3 min, followed by 30 cycles at 94uC for 30 s, 62uC for 45 s, and 72uC for 120 s, and a final extension at 72uC for 10 min. All amplifications were performed in a Perkin-Elmer GeneAmp PCR system 9600 (Applied Biosystems, Foster City, California).
Each product was examined in a 1.5% agarose gel stained with ethidium bromide. Sequencing was done in both directions by the Sanger method in the Finch Lab at the University of Washington, Seattle, using forward and reverse primers described above. Mitochondrial DNA (mtDNA) sequences were aligned using ClustalW (Thompson et al. 1997) in BioEdit 7.0.5 (Hall 1999) . The Akaike information criterion in jModelTest 0.1.1 (Posada 2008 ) was used to determine the best-fit evolution model for the phylogenetic analysis.
Microsatellite genotyping.-Five nuclear DNA (nDNA) autosomal microsatellite loci previously reported for this species (Dnov1, Dnov6, Dnov7, Dnov16, and Dnov24-Prodöhl et al. 1996) were analyzed in the 116 individuals from Mexico. Because of DNA degradation in some museum samples, not all individuals amplified for all microsatellite loci.
Individuals were genotyped in a 10-ml reaction containing 13 buffer with 0.3 mM of each primer, 0.15 mM of deoxynucleoside triphosphate, 1-2 mM of MgCl 2 and 1.5 U of Taq DNA polymerase. The thermal profile for amplification consisted of an initial denaturation at 94uC for 5 min, followed by 35 cycles of 15 s at 94uC, 30 s at 56-58uC, and 1 s at 72uC, with a final extension of 7 min at 72uC. All reaction products were run on an ABI PRISM genetic analyzer with a 4-capillary system (Applied Biosystems) and sized with an internal lane standard using GENEMAPPER 4.0. The presence of null alleles was determined using MICRO-CHECKER (Van Oosterhout et al. 2004 ). These alleles may affect estimations of population differentiation, by reducing genetic diversity within populations (Chapuis and Estoup 2007) .
Structure and genetic diversity in mtDNA.-A phylogenetic tree was inferred from unique mtDNA haplotypes using a Bayesian analysis implemented in BEAST 1.5.4 . Because D. novemcinctus migrated from South to North America (Webb 1976) , haplotypes from Colombia, Central America, and the United States were added in the analysis to examine whether the structure detected in Mexico was exclusive to this region or also present elsewhere (samples from countries other than Mexico were only used for the phylogenetic tree and the haplotype network). The closely related congener D. kappleri was used as the outgroup to root the tree. Three sequences of this species were obtained from the National Center for Biotechnology Information (GenBank accession numbers AJ010382, AJ010383, and AJ010384). We used an uncorrelated lognormal distribution to describe the variation in the molecular clock rate, as recommended by . This implies that there is no a priori correlation between the molecular clock rate of a lineage and that of its ancestor. We used an unweighted pair-group method using arithmetic averages tree as the starting tree. The other priors were set to default, and the program was repeatedly run to optimize the scale factors of the a priori function. After optimization, 10 million generations were run, with trees sampled every 1,000 generations. The first 1,000 trees were discarded as burn-in. Convergence on the parameter estimates was checked using Tracer version 1.5 .
For more closely related alleles, genealogical relationships among haplotypes were estimated using the median-joining algorithm of NETWORK 4.516 (http://www.fluxus-engineering. com). The median-joining method uses a maximum-parsimony approach to search for the shortest and least complex haplotypic trees for a given data set (Bandelt et al. 1999) . When internal node haplotypes are not sampled, the median-joining method provides the best estimate of the genealogy (Cassens et al. 2005) .
The distribution of mitochondrial variation was analyzed for the major mtDNA lineages identified. An analysis of molecular variance (AMOVA- Excoffier et al. 1992 ) was performed with Arlequin 3.11 (Excoffier et al. 2005) by partitioning the total sum of the squares into components representing variation among the major lineages and within them. The significance of F ST was evaluated by comparing the observed value with the distribution of the values obtained from 1,000 random permutations between lineages. Estimates of nucleotide diversity (p), haplotype diversity (h), number of haplotypes, and mean number of pair-wise differences (K) were calculated for the complete data set and for each of the major mitochondrial lineages identified with DnaSP 5.0 (Librado and Rozas 2009) .
Structure, genetic diversity, and gene flow in nuclear microsatellites.-To explore the genetic structure revealed by the 5 microsatellites, we used the software Geneland 3.2.2 (Guillot et al. 2005; Guillot and Santos 2009 ). This Bayesian approach groups individuals into clusters (K) by minimizing HardyWeinberg disequilibrium and incorporating spatial information concerning the origin of the samples (Coulon et al. 2006) . We tested values of K that ranged from 1 to 20 with 5 replicates each of 750,000 Markov chain Monte Carlo iterations (with thinning 5 750 and a burn-in of 1,000 for each). We set the model to codominant data, correlated allele frequencies, a spatial Dirichlet model, a maximum rate of Poisson process of 100, and a maximum number of nuclei of 300. The number of clusters (K) was inferred from the modal value of K for these 5 runs, using the highest posterior probability. The process follows Coulon et al. (2006) , who suggested inferring K in the 1st run and then running the algorithm again with K fixed at the previously inferred value in order to estimate other parameters. Thus, after K was defined by the mode of the posterior distribution of the Markov chain Monte Carlo chains, this was fixed and we then ran 500,000 Markov chain Monte Carlo iterations, 100 times, with settings equal to the previous runs. The mean logarithm of posterior probability for each of the 100 runs was calculated, and the 10 runs with highest values were selected. The geographical distribution of the subpopulations was reconstructed from the plot of posterior probabilities of each individual and their assignment to 1 or more of the genetic clusters. Independence between mitochondrial and nuclear genetic structure was assessed with a contingency table and chi-square analyses.
Nuclear genetic diversity parameters were estimated for the total sample and for the major mtDNA lineages identified. Estimates of observed (H O ) and expected (H E ) heterozygosities and tests for departure from the Hardy-Weinberg equilibrium were obtained with Arlequin 3.11 (Excoffier et al. 2005 ). In addition, inbreeding coefficients, defined as a measure of the deficit of the heterozygotes inside the population (Wright 1951) , and allele richness were calculated in FSTAT 2.9.3 (Goudet 2001) . Linkage disequilibrium tests between pairs of loci within each lineage and overall were calculated with GENEPOP 3.4 (Raymond and Rousset 1995) using 10,000 permutations.
We calculated F ST , R ST , and D est to identify the contribution of historical and more current factors in the structure of the major mtDNA lineages. F ST (Wright 1951) evaluates the difference in allelic frequencies between lineages, R ST (Slatkin 1995) is the fraction of the total variance of allele size between lineages, and the D est estimate (Jost 2008) considers the proportion of alleles that are unique in each lineage. Arlequin 3.11 (Excoffier et al. 2005) , FSTAT 2.9.3 (Goudet 2001) , and SMOGD 1.2.5 (Crawford 2010; http://www.ngcrawford.com/ django/jost/) were used to calculate these parameters, respectively. To avoid potential bias in F ST due to the presence of null alleles in 2 microsatellite loci, F ST estimation was performed following the ''Excluding Null Alleles'' correction proposed by Chapuis and Estoup (2007) and estimated with the software FreeNA (http://www1.montpellier. inra.fr/URLB/). The distribution of nuclear variation (AMOVA- Excoffier et al. 1992 ) was analyzed for the major lineages identified and the clusters detected with Geneland.
Nuclear gene flow between mtDNA lineages was estimated using the Bayesian inference available in MIGRATE-n 3.0 (Beerli 2008) . The parameters estimated with this software were h i (which is xN e m) and M i (which is the ratio of immigration and mutation rates, m i /m) and the migration estimate is expressed as 4hM (Beerli 2008 ). The mutation rate was assumed to be constant for all microsatellite loci, and initial values for theta and migration were obtained from F ST estimates. The Bayesian run consisted of 1 long chain with 1 million recorded steps and sampling increments of 100 generations. A total of 10 million genealogies (recorded steps multiplied by the sampling increment) were sampled, and the first 10,000 were discarded (burn-in).
Demography.-The historical demography of the lineages was explored with mtDNA. The mutation rate of the mitochondrial control region of D. novemcinctus was calculated because it is important in the estimation of demographic processes. It was approximated using the formula d 5 (t v + t v R)/m, where d is the number of nucleotide substitutions per site, t v is the number of transversions between species, R is the transversion/transition ratio within the focal species, and m is the length of the sequence (Rooney et al. 2001) . The closely related congener D. kappleri was used as the outgroup to estimate the d-value. The rate of nucleotide substitution per site per year is l 5 d/2T, where T is the divergence time between the ingroup and the outgroup species. This was calculated using the estimated divergence time of 7 mya calculated by Delsuc et al. (2004) . The rate of nucleotide substitution per site and generation is m 5 lg (Rooney et al. 2001) , where g is the generation time, which in nine-banded armadillos has been estimated at approximately 5 years (Abba and Superina 2010). The nucleotide substitution rate per haplotype (u) was calculated by multiplying the length (m) of the sequence by m (Rooney et al. 2001) .
Historical demographic trends within the main mtDNA lineages were estimated with Fu's neutrality F S test (Fu 1997) and mismatch distribution implemented in Arlequin 3.11 (Excoffier et al. 2005) . Negative values of Fu's test are expected in lineages that have undergone recent expansion, whereas positive values are expected in lineages that have recently experienced bottlenecks. Values are expected to be near zero in stable lineage sizes. Using the mismatch distribution, the time of expansion (t) was estimated from t 5 t/2u (Rogers and Harpending 1992) , where t measures time in generations and u is the mutational rate per generation for the DNA sequence. The statistical significance value assessing the neutral model fit was calculated (Navascués et al. 2006) .
RESULTS
Structure and genetic diversity in mtDNA.-The best-fit evolution model for the control region of D. novemcinctus was HKY + I + G. Fifty-nine polymorphic sites were identified within 408 bp of the control region, resulting in 70 unique haplotypes in the 138 Mexican samples (Appendix II). Nucleotide diversity (p) and haplotype diversity (h) were high, 0.029 6 0.002 and 0.977 6 0.005, respectively. Thirteen haplotypes were identified in 19 samples from other countries. Two of these haplotypes (from Colombia and the United States) were shared with the Mexican samples.
The phylogenetic tree ( Fig. 1 ) and haplotype network (Fig. 2) separated the haplotypes from Mexico into 2 major lineages corresponding to samples from the central-western (hereafter called West) part of the country, and the southeast (hereafter called East). In the phylogenetic tree, both lineages were monophyletic and supported by high posterior probabilities. One haplotype from Costa Rica and 4 from Colombia were nested within the West lineage, whereas 1 haplotype from Guatemala, 1 from Costa Rica, 2 from Nicaragua, and 2 from Colombia nested within the East lineage.
In Mexico, the 2 lineages exhibited an almost allopatric distribution, apparently separated by major mountain chains (Fig. 3) . Four haplotypes from the East lineage were recorded in the geographic area occupied by the West lineage, and 1 haplotype from West was recorded in the area occupied by East lineage. Mitochondrial genetic diversity within each lineage was high (Table 1) , and the average p-distance between them was 4.70%. The AMOVA showed that most of the genetic variance was found between lineages (72.6%; Table 2a ), whereas within-lineage variance was relatively low (27.4%; Table 2a ).
Structure, genetic diversity, and gene flow in nuclear microsatellites.-Sixty-three alleles were found for the 5 nDNA microsatellites (12, 20, 9, 10, and 12 for Dnov1, Dnov6, Dnov7, Dnov16, and Dnov24, respectively). Overall allelic richness was 11.7. No evidence of scoring errors due to stuttering or large allele dropout was found (Van Oosterhout et al. 2004 ). Null alleles, however, were detected in 2 loci (Dnov16 and Dnov24), and significant linkage disequilibrium (P , 0.05) was found in 53% of all possible combinations.
The posterior distribution of the estimated number of clusters in Geneland revealed 10 distinct clusters. Individuals assigned to the same genetic cluster were not always spatially contiguous; 7 clusters contained members that were isolated by large intervening areas. A significant difference in the proportion of individuals from each mitochondrial lineage in the 10 Geneland clusters also was found (x 2 5 64.335, P , 0.0001). Overall, the observed heterozygosity values were lower than expected, and high allelic richness was observed in the 2 lineages (Table 3 ). The inbreeding coefficient was positive and significant for each of the lineages, and for the total sample. The presence of null alleles within the sample did not solely generate positive inbreeding coefficients because F IS estimates in loci that did not show null alleles were also positive (Dnov1: 0.006; Dnov6: 0.100; Dnov7: 0.232). The F ST between lineages was small and different from zero, even when correcting for bias (with Excluding Null Alleles correction: F ST 5 0.020, 95% confidence interval [95% CI] 5 0.013-0.029; without correction: F ST 5 0.027, 95% CI 5 0.014-0.043). Global R ST between lineages was 0.066 and D est was 0.100. For the 2 different division scenarios (2 mitochondrial lineages and the clusters defined by Geneland), AMOVA revealed that most of the genetic variance in the nuclear microsatellites was explained by differences among individuals within the total sample and among individuals within lineages or clusters, whereas the difference between mitochondrial lineages and among nuclear clusters was lower, but still significant (Table 2b) . (interval 2.6 3 10 28 -2.4 3 10
28
). Considering a generation time of 5 years, the rate of nucleotide substitutions per site per generation (m) was 9.5 3 10 28 , and for the 408 bp used, the nucleotide substitutions per haplotype per generation (u) was 3.8 3 10
25 . Mismatch distribution for each lineage was bell-shaped, as was expected under the sudden expansion model (Fig. 4) . The observed distribution was not significantly different from the expected distribution (Table 1) 
DISCUSSION
The genetic structure of a species in a newly colonized area is strongly influenced by the different lineages that arrived during the increase in the distributional range. Several introductions from multiple founding sources have been detected in a wide range of invasive animals, plants, and fungi (Dlugosch and Parker 2008) , and for species dispersing naturally into new areas (Hewitt 2011) . Our study shows that the genetic structure of the nine-banded armadillo in Mexico, corresponds to 2 divergent mitochondrial lineages that are reciprocally monophyletic. The presence of haplotypes from both lineages in Central America and Colombia reveals a wider distribution of these genetic groups. Given the clear South American origin of the nine-banded armadillo (Eisenberg 1981; Simpson 1980) , such evidence implies that these lineages differentiated prior to their arrival to Mexico and the current allopatric distribution in Mexico suggests independent northward colonization of each lineage. Nevertheless, more samples from a wider area are needed to test hypotheses about migration patterns, assess the geographic distribution of these lineages, and estimate the divergence time between them.
The allopatric distribution of the lineages in Mexico corresponds with the geographic distribution of the 2 subspecies of nine-banded armadillo described in this country. D. novemcinctus mexicanus is found in eastern Mexico, whereas D. n. davisi is restricted to western Mexico, occurring from the Balsas Basin north to Morelos (McBee and Baker 1982; Wetzel et al. 2007 ). However, the presence of both lineages in Costa Rica and Colombia, where other subspecies have been recorded, indicates that genetic information does not confirm the subspecies traditionally recognized based in geographical distribution and morphological data (McBee and Baker 1982; Wetzel et al. 2007) .
Founder events are a hallmark of colonization and are expected to result in reduced genetic variation of founding populations (Wilson et al. 2009 ). Conversely, the nucleotide and haplotype diversity of the mtDNA control region of Mexican armadillos was high. It also was much greater than that recorded in the United States population (Huchon et al. 1999) . According to our phylogeny, United States populations appear to be derived from the East lineage of Mexico. Nevertheless, this assumption needs to be tested with larger sample sizes, because we only analyzed 2 individuals from the United States. The low diversity levels reported for populations in the United States could be explained by a recent founder event in which there has been little time for mutation to generate new diversity. In contrast, the lineages in Mexico probably had either an initially large population size, or they recovered from their own founder event a long time ago. A weak genetic structure in Mexican armadillos was revealed by microsatellites. Recent migration between the 2 mitochondrial lineages was inferred from the few differences in allelic frequencies between them (F ST ). Having a long time to accumulate differences between lineages can generate many private alleles (D est ), and a large variance in allele size in each lineage (R ST ). The significant difference estimated between the assignments of individuals to mitochondrial and nuclear clusters suggests that the patterns of genetic structure we uncovered are an accurate record of the species' history and not a reflection of stochastic effects limited to 1 gene, although some marker-specific effects are probable.
The high nuclear variation found in Mexican armadillos supports the idea that there is a large effective population size in Mexico or that the lineages have already recovered from a founder effect, or both. Each major lineage occurs across a large geographic area in Mexico, and shows substructure within it. The mixing of individuals from populations with different allelic frequencies can lead to a Wahlund effect, generating Hardy-Weinberg disequilibrium and a positive inbreeding coefficient (Hedrick 2005) . Positive inbreeding coefficients can also be generated by endogamy (Hedrick 2005) . This possibility should be explored in future studies of these populations. Regarding the linkage disequilibrium detected, in an analysis of 7 populations of armadillos in the United States, Loughry et al. (2009) observed no evidence of genotypic disequilibrium in the 5 autosomal microsatellites used in this study. Thus, it seems plausible that disequilibrium found was due to demographic changes unique to Mexico (Rafalski and Morgante 2004) .
Different patterns of genetic structure among different markers can be caused by numerous factors, including those specific to the marker (mutation rate and ploidy) and those related to the life-history of the organism. Mitochondrial DNA, because it is matrilinearly inherited, is expected to show different patterns than nuclear genes if females and males have different dispersal patterns or rates. In our study, we found less genetic structure in microsatellites compared to mtDNA. Although genetic structure between the 2 types of markers was correlated, there was evidence for more gene flow in nuclear microsatellites. There are at least 3 nonexclusive explanations for the discrepancy between nuclear and mitochondrial patterns. First, the larger effective population size of nDNA compared to mtDNA could lead to less gene fixation through drift, and therefore less divergence and genetic structure in nDNA compared to mtDNA (Hare 2001) . Although this could partially explain the lack of clear structure in microsatellites, the coalescence-based program MIGRATE (which assesses lineage sorting issues versus migration) indicated high levels of gene flow, suggesting that differences in effective population size alone were not the only explanation. Second, a slower mutation rate in nDNA could lead to less genetic structure in this marker; but microsatellite mutation rates are higher than those of mtDNA (Hedrick 2005) . However, the most likely explanation is the differential mode of inheritance of the markers, combined with male-biased dispersal. We recognize that the fast expansion of nine-banded armadillos in the United States should be the result of extensive dispersion by both sexes. Nevertheless, we suggest that females show more philopatry than males and that this behavior maintains a stronger structure in mtDNA. The same pattern has been found in other mammalian species (Engelhaupt et al. 2009; Gauffre et al. 2009; Turmelle et al. 2011) . Specifically, it has been recorded for some carnivores that increased their distributional range after the emergence of the Isthmus of Panama, and covered extensive areas in the newly colonized continent (Eizirik et al. 2001; Tchaicka et al. 2007 ).
Contrary to our inference from genetic data, a markrecapture study (Loughry and McDonough 2001) suggested that in armadillos, juvenile males were more likely to remain in their natal populations than were females, although differences in dispersal compared to philopatry were not specifically tested. Frutos and Van Den Bussche (2002) assessed genetic variation in armadillo populations from Paraguay and argued that examination of their data indicated a high level of female dispersal. However, they used cytochrome b (mtDNA), and they did not compare genetic structure between nDNA and mtDNA markers. The haplotype shared by different populations from Paraguay could be the result of incomplete lineage sorting. Alternatively, the populations could belong to a single genetic lineage, whereas the inference proposed by us is based on 2 divergent lineages that underwent secondary contact. Future studies using markers associated with the Y chromosome along with detailed field data will provide additional insight into dispersal patterns.
The mountain chains of central Mexico have clearly played an important role in the maintenance of genetic structuring of armadillos, consistent with phylogeographic studies of other mammals and birds (Leon-Paniagua et al 2007; McCormack et al. 2008; Sullivan et al. 2000) . Mammalian studies, however, have only used mitochondrial markers, making it difficult to assess to what degree gene flow in nuclear genes might occur. As shown by our study, an assessment that also includes nuclear markers is necessary to fully understand whether the observed pattern is a consequence of stochastic factors or life-history traits. Examination of our data suggests that the Sierra Madre Oriental affected the genetic structure of armadillos, and probably the Tehuantepec Isthmus may act as a corridor for gene flow between lineages (Arteaga et al. 2011) .
Population dynamics during the increase of a species range involve a change in effective population size. When a species arrives in a new area, it usually goes through demographic expansion once individuals have overcome potentially stressful biotic and abiotic environmental conditions (Sexton et al. 2009 ). The high genetic diversity in the 2 Mexican lineages of armadillos, despite the demographic changes detected in them, suggests the presence of a moderately large ancestral population size. At least in the last 100,000 years, both lineages underwent a constant expansion. The nine-banded armadillo is an ecologically tolerant species that occurs in a variety of environmental conditions, which suggests that climate cycling in the Pleistocene did not strongly influence its demographic history.
Our results demonstrate that 2 different lineages of D. novemcinctus arrived in Mexico from the south and colonized disjunct parts of North America. We suggest that females are philopatric, whereas males maintain a connection among populations through individual dispersal. Further studies that include samples from South American regions would be useful to complete the continent-wide structuring and genetic diversity patterns of armadillos. Such studies could reveal important information about the time and place of their evolutionary origin. Such sampling might also help to determine the time when armadillos crossed the Isthmus of Panama, and when they arrived in Mexico. The Great American Biotic Interchange influenced community and genetic structure of many species in the Americas through extended bouts of migration in both directions (Marshall et al. 1982; Pascual and Ortíz-Jaureguizar 2007; Webb 1976 ). This study clearly documents the consequences of the Great American Biotic Interchange in influencing genetic patterns in the nine-banded armadillo in a colonized area.
RESUMEN
La estructura y diversidad genética de una especie ampliamente distribuida en un área recientemente ocupada es influenciada por los linajes colonizadores, los atributos de la especie y por factores bióticos y abióticos. La conexión establecida en el Pleistoceno entre América del Norte y del Sur, a través del Istmo de Panamá, permitió al armadillo de 9 bandas (Dasypus novemcinctus) expandir su área de distribución hacia el norte. Para poblaciones de esta especie en América del Sur se han registrado altos niveles de variación genética. Entre tanto, la diversidad genética es muy baja en poblaciones de Estados Unidos de América, probablemente debido al efecto fundador durante la colonización de estas áreas. En este estudio evaluamos la hipótesis de que los armadillos de Norte América son derivados de un solo linaje colonizador, y esto lo hicimos muestreando animales de México y unos pocos de otras áreas. Determinamos también si en esta área colonizada hay señales de expansión demográfica de las poblaciones. Secuenciamos parte de la región control de la mitocondrial de 157 individuos y cinco microsatélites nucleares de 116 individuos. Encontramos 2 linajes mitocondriales divergentes con alta variación genética, cuando comparados con las poblaciones de Estados Unidos de América, sugiriendo que esta especie presenta un tamaño efectivo mayor en México. Las muestras de Centro y Sur América indican que ambos linajes se diferenciaron previamente a su llegada a esta región. Dichos linajes experimentaron una expansión demográfica histórica, probablemente debida a la gran área colonizada. Detectamos una fuerte estructuración entre los linajes con ADN mitocondrial, sin embargo, los microsatélites presentan una baja diferenciación genética. Este patrón contrastante puede resultar de una mayor dispersión de los machos. Concluimos que las poblaciones norteamericanas de D. novemcinctus son derivadas de 2 linajes fundadores y mostramos las consecuencias del Gran Intercambio Biótico Americano en los patrones genéticos del armadillo de 9 bandas en México.
